Ca 2ϩ stores were studied in a preparation of freshly dissociated terminals from hypothalamic magnocellular neurons. Depolarization from a holding level of Ϫ80 mV in the absence of extracellular Ca 2ϩ elicited Ca 2ϩ release from intraterminal stores, a ryanodine-sensitive process designated as voltage-induced Ca 2ϩ release (VICaR). The release took one of two forms: an increase in the frequency but not the quantal size of Ca 2ϩ syntillas, which are brief, focal Ca 2ϩ transients, or an increase in global [Ca 2ϩ ]. The present study provides evidence that the sensors of membrane potential for VICaR are dihydropyridine receptors (DHPRs). First, over the range of Ϫ80 to Ϫ60 mV, in which there was no detectable voltage-gated inward Ca 2ϩ current, syntilla frequency was increased e-fold per 8.4 mV of depolarization, a value consistent with the voltage sensitivity of DHPR-mediated VICaR in skeletal muscle. Second, VICaR was blocked by the dihydropyridine antagonist nifedipine, which immobilizes the gating charge of DHPRs but not by Cd 2ϩ or FPL 64176 (methyl 2,5 dimethyl-4[2-(phenylmethyl)benzoyl]-1H-pyrrole-3-carboxylate) , a non-dihydropyridine agonist specific for L-type Ca 2ϩ channels, having no effect on gating charge movement. At 0 mV, the IC 50 for nifedipine blockade of VICaR in the form of syntillas was 214 nM in the absence of extracellular Ca 2ϩ . Third, type 1 ryanodine receptors, the type to which DHPRs are coupled in skeletal muscle, were detected immunohistochemically at the plasma membrane of the terminals. VICaR may constitute a new link between neuronal activity, as signaled by depolarization, and a rise in intraterminal Ca 2ϩ .
Introduction
In common with virtually every cell type, neurons contain intracellular Ca 2ϩ stores from which Ca 2ϩ can be discharged into the cytosol through intracellular Ca 2ϩ release channels. Although there has been considerable interest in Ca 2ϩ stores located postsynaptically, those in nerve terminals have received scant attention until recently (Berridge, 1998; Melamed-Book et al., 1999; Llano et al., 2000; Suzuki et al., 2000; Emptage et al., 2001; Sharma and Vijayaraghavan, 2003) . Now it has become clear that Ca 2ϩ stores in nerve terminals are involved in physiological processes such as long-term potentiation (Lauri et al., 2003) and long-term depression (Unni et al., 2004) as well as pathophysiological states such as spinal cord injury (Ouardouz et al., 2003) . The mechanisms for mobilizing Ca 2ϩ from stores is not known in many cases, and it is often simply assumed that calciuminduced Ca 2ϩ release (CICR) arising from Ca 2ϩ influx is responsible or that CICR is the sole mobilizing mechanism for ryanodine-sensitive stores in neurons (Bouchard et al., 2003; Collin et al., 2005) .
Recently, we demonstrated short-lived focal Ca 2ϩ transients mediated by the class of Ca 2ϩ release channels known as ryanodine receptors (RyRs) in freshly dissociated magnocellular nerve terminals (De Crescenzo et al., 2004) . These neurohypophyseal terminals are a favorable preparation because they are relatively large and are isolated without an accompanying postsynaptic structure (Lemos and Nowycky, 1989; Neher, 1998) . Because these Ca 2ϩ transients closely resemble Ca 2ϩ sparks in muscle, in both their time course and quantity of Ca 2ϩ released, they were designated Ca 2ϩ syntillas [scintilla (Latin for "spark") in a nerve terminal, typically a synaptic structure]. Using whole-cell, tightseal voltage clamp, we also demonstrated for the first time that depolarization in the absence of extracellular Ca 2ϩ either increased syntilla frequency or caused an increase in global [Ca 2ϩ ]. This process, which had not been observed previously in any cell type other than muscle, we designate as voltage-induced Ca 2ϩ release (VICaR). We now ask which proteins provide the voltage sensors in the plasma membrane for VICaR and which serve to release the Ca 2ϩ from the stores into the cytosol. That is, what are the sensors and effectors for VICaR? In our previous study, we showed that both spontaneous syntillas and VICaR were ryanodine sensitive, indicating that RyRs serve at least as one of the effectors of VICaR.
Here we provide evidence that the voltage sensors for VICaR in the plasma membrane in terminals of hypothalamic neurons are dihydropyridine receptors (DHPRs). Moreover, it appears that the DHPRs are linked to type 1 RyRs in a manner bearing similarities to the mechanism in skeletal muscle. Comparison with another excitatory secretory cell, the chromaffin cell, suggests that VICaR demands the presence of type 1 RyRs. This study provides us with information about the molecular machinery of VICaR in neurons, a process that may constitute a new link between neuronal activity, as signaled by depolarization of the plasma membrane, and a rise in Ca 2ϩ in nerve terminals.
Materials and Methods
Electrophysiology and calcium imaging. Isolated nerve terminals from adult Swiss Webster mouse hypothalamic neurons were patched in "whole-terminal" configuration (De Crescenzo et al., 2004) . Pipette solution contained the following (in mM): 0.05 K 5 fluo-3 (Invitrogen, Carlsbad, CA), 135 KCl, 2 MgCl 2 , 30 HEPES, 4 MgATP, and 0.3 Na-GTP, pH 7.2. Ca 2ϩ -free bath solution contained the following (in mM): 135 NaCl, 5 KCl, 10 HEPES, 10 glucose, 0.2 EGTA, and 1 MgCl 2 , pH 7.2. For Ca 2ϩ -containing bath solution, calcium was added (2.2 mM) and EGTA was omitted. Nifedipine, cadmium, and FPL 64176 (methyl 2,5 dimethyl-4[2-(phenylmethyl)benzoyl]-1H-pyrrole-3-carboxylate) (FPL) (from Sigma, St. Louis, MO) were applied by a puffer pipette for 4 -8 min before recording commenced. Fluorescence images using fluo-3 as a calcium indicator were obtained using a custom-built widefield, high-speed digital imaging system described in detail previously (ZhuGe et al., 1999; De Crescenzo et al., 2004) . The terminals were imaged using a Nikon (Tokyo, Japan) 100ϫ, 1.3 numerical aperture (NA) oil immersion lens, giving a pixel size of 133 nm at the specimen, with a shutter to control exposure duration. Rapid imaging at 50 Hz (exposure, 10 ms) was performed for 4 s at a time. Two measures of Ca 2ϩ were used: one to quantify the total amount of Ca 2ϩ released per syntilla as determined by its "signal mass" (Sun et al., 1998; ZhuGe et al., 2000) , and another, ⌬F/F 0 , to assess mean increase in global [Ca 2ϩ ].
Immunocytochemistry. Axon terminals, isolated as described above and plated onto poly-L-lysine-coated coverslips were fixed and permeabilized (0.1 M ethanolamine in PBS plus 0.1% Triton X-100, pH 8) and then immunolabeled as described previously (De Crescenzo et al., 2004) . Polyclonal rabbit antibodies (Abs) for RyRs were generated using the following epitopes: RREGPRGPHLVGPSRC for RyR1 (Mitchell et al., 2003) and KAALDFSDAREKKKPKKDSSLSAV for RyR2 (Tunwell et al., 1996) . These sequences are unique to RyR1 and RyR2, respectively, in rabbit, human, and mouse (see Fig. 7 ). For these antisera, preimmune rabbit serum was used as a control. The polyclonal rabbit anti-RyR3 antibody was developed against purified glutathione S-transferase fusion protein corresponding to the region of low homology between the transmembrane domains 4 and 5 of RyR3 and run through an affinitypurification column (Giannini et al., 1995) . For the N-type channel, affinity-purified goat antibody was used (CP ␣-1B; Santa Cruz Biotechnology, Santa Cruz, CA). For the latter two polyclonals, purified IgG (Jackson ImmunoResearch, West Grove, PA) was used as control (see Fig. 6 ). The antibodies for the three RyRs are the same ones used in a previous study on mouse chromaffin cells (ZhuGe et al., 2006) . Because the RyR1 antiserum is critical for this study, we confirmed its specificity with a Western blot performed as described previously (Zissimopoulos and Lai, 2005) . For each immunocytochemical preparation, neurohypophyseal terminals from six mice were pooled together. Three preparations were made for imaging RyR1 and an additional two for RyR2 and RyR3, each with its own control. Hundreds of stained terminals were viewed in each preparation, and the results, as shown in Figure 6 , are Figure 1. Method of correcting for nonspecific immunofluorescence. Diagrams and data in this figure are all for the immunofluorescence caused by preimmune serum (i.e., controls), which were used for corrections. A, Left, Diagrammatic representation of the concentric shells attributable to preimmune immunofluorescence for which intensity histograms were constructed. Top right, Stack of intensity histograms for all of the voxels (green in diagram at left) was constructed for each distance (d) from the surface of the cell. For each distance, intensity histograms from several (n ϭ 7) control terminals were combined to yield a single average histogram. B. Top, Intensity histogram for the shell at a distance of 0.3 m from the surface as an example. We took the 95th percentile of brightness from the preimmune control average at each shell (example is shown for 0.3 m with dashed blue line), and we plotted it versus the distance from the surface of the terminal. This curve was then used to correct all data of the type shown in Figure 6 A.
representative of images fully analyzed (as explained in Fig. 1 ) from 15 typical terminals. Another preparation was used with double staining for either RyR1 and N-type channels or RyR2 and N-type channels. The results from these experiments, as shown in Figure 7 , derived from fully analyzed images typical of hundreds observed.
Three-dimensional fluorescence imaging was performed on an inverted wide-field microscope (Nikon Diaphot 200) with excitation by a 100 W mercury lamp. Images were obtained through a 60ϫ, 1.4 NA oil immersion Plan Apo objective (Nikon) and digitally recorded on a cooled, back-thinned CDD camera (PhotoMetrics, Tucson, AZ) with an effective pixel size at the specimen of 83 nm in x-y and a z spacing of 250 nm. This resulted in a three-dimensional stack of ϳ25 image planes of each terminal. Stacks were processed to remove out-of-focus fluorescence and enhanced axial resolution using custom-constrained, iterative deconvolution software (Carrington et al., 1995; Scriven et al., 2005) . From those optical sections, we built a three-dimensional reconstruction of the immunostained nerve terminal.
The fluorescence from the preimmune serum control was not uniform, being especially bright near the plasma membrane. Hence, we determined the brightness of concentric shells in the control images (i.e., those attributable to immunolabeling of preimmune serum) from the edge of the terminal to the inside, as illustrated in the diagram in Figure  1 A, and we did this for both preimmune controls and the immunolabeled terminal. Each shell then has its own average control intensity with preimmune serum. We take the 95th percentile of brightness from those preimmune control averages (at each shell) and plot them versus the distance from the plasma membrane. The curve obtained is represented in Figure 1 B and was used to correct the data.
Data analysis. In all cases, data are reported as mean Ϯ SEM; n is the number of syntillas, and N the number of observations, which in most cases is the same as the number of terminals. The specific statistical tests used are found in the supplemental methods (available at www. jneurosci.org as supplemental material), and p Ͻ 0.05 was considered significant. Constrained nonlinear regression from SPSS (2003 version) was used to fit the data of Figure 2C with an expression of the form Ce (V /k ) ϩ F B , with C being a constant with units of frequency. This expression arises from a modification of a Boltzmann distribution (supplemental data, available at www.jneurosci.org as supplemental material): F V Х A P s(Vo) e (V /k ) ϩ F B , where P s(V) is very small. Here F V is syntilla frequency at a given membrane potential V; F B is basal syntilla frequency, which is independent of membrane potential; P s(V) is the probability of the voltage sensor being in a state in which it can trigger a syntilla at a given voltage V; V o is the value of V at which P s(V) is 0.5; k is a slope factor; e is the base of the natural logarithm; and A is a proportionality constant. We note that F B is independent of the voltage sensor.
Results
VICaR in the form of Ca 2؉ syntillas exhibits the magnitude of voltage dependence expected for a DHPR Syntilla frequency increased when the membrane potential was jumped from Ϫ80 to Ϫ60 mV ( Fig. 2 A, B) . This was true not only in the presence of extracellular Ca 2ϩ but also in its absence, and the magnitude of the effect was the same under both conditions (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) (De Crescenzo et al., 2004) . Moreover, even in the presence of extracellular Ca 2ϩ , no increase in global [Ca 2ϩ ] was found during depolarization over the voltage range from Ϫ80 to Ϫ60 mV. Finally, low-voltage-activated Ca 2ϩ channels (i.e., T-type channels) are not found in these hypothalamic nerve terminals in rat, although every other major class of voltage-gated Ca 2ϩ channel is present (Wang et al., 1997 (Wang et al., , 1999 . For all these reasons, the increase in syntilla frequency cannot be attributed to Ca 2ϩ influx and subsequent CICR. Because the increase was also seen in the presence of extracellular Ca 2ϩ over this range of potentials, a mechanism involving Na ϩ influx through Ca 2ϩ channels cannot be invoked. The absence of Na ϩ involvement is supported by the fact that current-voltage plots of the voltage- ( p ϭ 0.023) for Ϫ80 and Ϫ60 mV, respectively. C, Top shows the voltage dependence of syntilla frequency and is characterized by the fitted expression (red line) derived from the following: A P s(Vo) e (V/k) ϩ F B (as defined in Materials and Methods). k is found to be 8.40 mV, with a 95% confidence level that this value lies between 7.83 and 8.98 mV (see Materials and Methods), and F B , is 0.41 s Ϫ1 . Bottom shows that the average number of Ca ions released per syntilla (which is directly proportional tothesignalmass)doesnotchangeasafunctionofmembranepotential.D,Timecourseofchangesin syntilla frequency calculated every 1.3 s to increase temporal resolution. Fluorescence is recorded in each of 18 nerve terminals four times in a row for 4 s, separated by 2 min, the latter indicated by gaps in the plots. In the first and third recordings, nerve terminals are depolarized to Ϫ70 and Ϫ60 mV (filled circles), respectively, for 2.6 s and then repolarized to Ϫ80 mV (open circles) for 1.3 s. In the second and fourth recordings, they are maintained at the holding potential of Ϫ80 mV for 4 s.
activated Na ϩ current show no detectable current at potentials below Ϫ40 mV (data not shown) (Wang et al., 1992) . The same sort of increase in frequency during depolarization over this range of potentials is found for Ca 2ϩ sparks in amphibian skeletal muscle (Klein et al., 1996) .
The number of syntillas per observation period was well fit by a discrete Poisson distribution at all potentials between Ϫ80 and Ϫ60 mV. Examples of such fits are exemplified (Fig. 2 B) for the two potentials at the extremes of the range examined, Ϫ80 and Ϫ60 mV. This is consistent with a view of syntillas as independent events with a stochastic activation process over this range of potentials, as seen for sparks in skeletal muscle (Klein et al., 1996) . Moreover, as expected for such a process, the percentage of observation periods in which there were failures, i.e., no syntillas, decreased at Ϫ60 mV ( Fig. 2 B) . It was not possible to extend this sort of observation to more positive potentials because the increase in syntilla frequency started to give way to global increases in [Ca 2ϩ ] (see below).
The increase in frequency during depolarization ( Fig. 2C ) was well characterized by an exponential function, given in the legend to Figure 2C , with an e-fold increase per 8.40 mV of depolarization and a basal frequency of 0.41 s Ϫ1 , which is independent of voltage. In determining such a fit, the basal frequency or asymptote in Figure 2C is constrained by two experimental facts. First, on a hyperpolarizing jump from Ϫ80 to Ϫ95 mV, there was no additional decrease in the syntilla rate (data not shown). Second, when the voltage-sensitive component is eliminated by saturating concentrations of nifedipine during depolarization to 0 mV (see below and Fig. 4) , the frequency is reduced to the basal frequency at Ϫ80 mV. For comparison, the voltage sensitivity at negative potentials of DHPR-mediated release of Ca 2ϩ from stores in amphibian skeletal muscle as measured by gating charge movement is 7.7 Ϯ 0.6 mV (Shirokova et al., 1995) . This is in general agreement with our results, which might be expected, because it has been reported that the same DHPR ␣ isoform found in skeletal muscle (␣ 1S ) is expressed in rat magnocellular neurons (Mutsuga et al., 2004) . Moreover, in skeletal muscle, DHPRs serve as voltage sensors for VICaR by reason of voltageinduced conformational changes that give rise to gating currents. Such gating charge movements are detected in skeletal muscle over the negative range of potentials shown in Figure 2 , which are below the threshold for Ca 2ϩ current through the small fraction of DHPRs that conduct Ca 2ϩ in skeletal fibers (Schwartz et al., 1985) . These qualitative and quantitative similarities between VICaR in nerve terminals and in skeletal muscle suggest that dihydropyridine-sensitive membrane proteins function as voltage sensors in both cases.
Finally, the time course of VICaR is of importance in determining the mechanism at work. Figure 2 D shows the time course of alteration in syntilla frequency during depolarization and subsequent repolarization. The change during a shift in potential occurs on a subsecond timescale. In addition to the well recognized mechanism of VICaR in skeletal muscle, there is some evidence that DHPRs can be coupled to G-proteins, for example in cultured skeletal myocytes, and act via a second messenger. The time course of this effect is quite slow, however, on the order of tens of seconds after tetanic stimulation (Araya et al., 2003) . The rapid onset of VICaR and its rapid termination in Figure 2 not appear consistent with this sort of G-protein-mediated effect (see Discussion).
Whereas the frequency of syntillas increased with depolarization (Fig. 2C, top) , the mean number of Ca ions released per syntilla, which is directly proportional to the peak signal mass, was not altered by depolarization (Fig. 2C, bottom) . In addition, the mean number of Ca ions per syntilla was not affected by the presence or absence of extracellular Ca 2ϩ (De Crescenzo et al., 2004) . Hence, over this range of potentials, the syntilla functions as a quantal release of Ca 2ϩ whose frequency is increased by depolarization independently of Ca 2ϩ influx.
The dihydropyridine antagonist nifedipine blocks VICaR
Nifedipine acts on DHPRs by immobilizing their gating charge, thus serving as an "antagonist" of those DHPRs that conduct Ca 2ϩ , i.e., L-type Ca 2ϩ channels. This action also makes nifedipine an excellent and well studied uncoupler of excitation from contraction in skeletal muscle, in which the movement of the charge-bearing DHPR "gate" by depolarization appears to provide the mechanical displacement to interact with the RyR. The interaction is assumed to be allosteric; that is, the voltage sensors act at a contact site on the release channel and thereby alter the properties of the RyR protomers, leading to their cooperative opening or closing (Rios and Brum, 1987; Rios et al., 1993; Proenza et al., 2002) . Because nifedipine, like other dihydropyridines, is more effective at less negative potentials, we first examined its effects at 0 mV (Bean, 1984) . The responses to a depolarization from Ϫ80 to 0 mV (Fig. 3 ) took the form of either an increase in syntilla frequency or an increase in global [Ca 2ϩ ]. The latter, which occurred 43% of the time, is illustrated by the images of Figure 3A . The time derivative of the global increase provides an index of net Ca 2ϩ influx into the cytosol and is shown in supplemental Figure 2 (available at www.jneurosci.org as supplemental material). An early rapid net influx is evident, followed by a later, slower phase, and the response closely follows the time course of the stimulus (see Discussion). In the remaining cases, the terminals responded to depolarization with an increase in syntilla frequency. To examine the effects of nifedipine, we grouped all responses, both syntillas and increases in global [Ca 2ϩ ], and used the traditional measure, ⌬F/F 0 , an index of cytosolic Ca 2ϩ concentration, to measure the Ca 2ϩ released from stores (Fig. 3B ). In the absence of extracellular Ca 2ϩ (200 M EGTA added), nifedipine (500 nM) greatly decreased the release of Ca 2ϩ from stores (Fig. 3A ) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). The time derivative of these traces, shown in supplemental Figure 2 (available at www.jneurosci.org as supplemental material), discloses an early rapid net influx followed by a later, slower phase; both are attenuated by nifedipine. With normal extracellular [Ca 2ϩ ] but in the presence of Cd 2ϩ to block Ca 2ϩ influx (Fig. 3B ) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), the effect of nifedipine was the same.
We also examined the effects of nifedipine at 0 mV in those instances in which depolarization caused only an increase in syntilla frequency. We first note that the mean amount of Ca 2ϩ released per syntilla was not significantly different at Ϫ80 and 0 mV ( p ϭ 0.35, Mann-Whitney test; n ϭ 28 and 48, respectively) (Fig. 4, bottom, filled bars) . Hence, the quantum of Ca 2ϩ represented by syntillas elicited at 0 mV was similar to that of the syntillas over the negative range of potentials in Figure 2 . Nifedipine blocked the voltage-dependent increase in syntilla frequency (Fig. 4) . The IC 50 was smaller when we examined the syntilla frequency in the final two-thirds of the 3.6 s observation period at 0 mV (inset at top right). This is to be expected given the use dependence of the dihydropyridines (Bean, 1984) . At the highest concentrations of nifedipine, the frequency was reduced to approximately the same level as the spontaneous rate observed at Ϫ80 mV (filled circle) and designated as F B in the formulation given in the legend. This is consistent with the identification of F B as a frequency independent of the voltage sensor, resulting from independent, "spontaneous" activity of the effector (i.e., RyR) or from a population of effectors not under the control of the sensor. In terms of the modified Boltzmann expression in the legend for Figure 2 , F B is the limiting value of F V at very negative voltages. Also consistent with this interpretation, hyperpolarizing steps from Ϫ80 to Ϫ95 mV in the presence of extracellular Ca 2ϩ produced no detectable change in syntilla frequency (data not shown).
The amount of Ca 2ϩ released per syntilla did not decrease even in the presence of the highest concentration of nifedipine, consistent with an action on a voltage sensor that governs syntilla frequency but not quantal size. The data in Figures 4 and supplemental Figure 2 (available at www.jneurosci.org as supplemental material) reflect the fact that nifedipine acted by decreasing the percentage of terminals that responded with a global increase in . n ϭ 19, 12, 7, 9, and 11 for 0.1, 0.5, 1, 5, and 10 M nifedipine, respectively. Filled triangle represents syntilla frequency in the absence of nifedipine after depolarization to 0 mV (n ϭ 7); filled circle is the frequency in the absence of nifedipine at holding potential Ϫ80 mV (n ϭ 8). Inset is the data only for the last 2.4 s of the 3.6 s period of depolarization. Bottom, The average number of Ca ions released per syntilla was the same at Ϫ80 mV (n ϭ 28) and 0 mV (n ϭ 48) in the absence of nifedipine (filled bars; p ϭ 0.35) and at 0 mV at the highest concentration (10 M) of nifedipine (open bar; n ϭ 17; p ϭ 0.9). (For this analysis only, those terminals responding to depolarization with an increase in syntilla frequency were included, making it likely that the IC 50 of nifedipine is overestimated, on the assumption that the terminals that yielded a global increase did so in part because their syntilla frequency was higher.)
[Ca 2ϩ ], by decreasing the magnitude of that global increase and by decreasing syntilla frequency in those terminals that did not respond with an increase in global [Ca 2ϩ ].
FPL does not affect VICaR
Because nifedipine exerted its action in the absence of extracellular Ca 2ϩ or in the presence of Cd 2ϩ when extracellular Ca 2ϩ was included, its action cannot be a result of preventing Ca 2ϩ entry. An additional test of this was provided by the use of the L-type Ca 2ϩ channel agonist FPL. FPL is a Ca 2ϩ channel agonist that acts on a site distinct from the DHPR binding site. Moreover, FPL appears to act by prolonging the open state of the channel with no effect on the frequency of opening, which is regulated by the movement of the charged gate (McDonough et al., 2005) . Thus, FPL provides an important control in two respects: as a check on the possible importance of Ca 2ϩ influx and as a test of the idea that the gating charge movement must be affected to alter VICaR. We found that FPL increased the voltage-activated current maximally at a potential of approximately Ϫ40 mV in the terminals under the conditions we use (5.8-fold increase; data not shown). Hence, we assessed the action of FPL on VICaR with depolarization to Ϫ40 mV in the absence of extracellular Ca 2ϩ (Fig. 5 ). FPL (2 M) had no significant effect, whereas nifedipine (500 nM) blocked VICaR. As was the case at 0 mV, nifedipine exerted its action by decreasing the fraction of terminals that responded with a global increase in [Ca 2ϩ ], decreased the magnitude of that increase, and, in those terminals that responded with a decrease in syntilla frequency, decreased the frequency of syntillas without altering the number of Ca ions per syntilla. The number of Ca ions per syntilla at Ϫ40 mV was not significantly different from what it was at Ϫ80 mV. Thus, at this potential, as at 0 mV, the syntillas continue to function as quanta of Ca 2ϩ .
Type 1 RyRs are found close to the plasma membrane
If the DHPR is the voltage sensor for VICaR as it is in skeletal muscle, then it is not unreasonable to think it might pair with type 1 RyRs as it does in skeletal muscle (Beam and Franzini-Armstrong, 1997) . Hence, we would expect to find type 1 RyRs in the nerve terminals, adjacent to the plasma membrane in which they could interact with DHPRs. In previous work (De Crescenzo et al., 2004) , we have shown that ryanodine at blocking concentrations for the RyR decreases syntilla frequency, whereas at lower concentrations, it increases syntilla frequency. Caffeine also increased syntilla frequency, whereas heparin was without effect. In that study, no reliable Ab for RyR1 was available to us, but here we report results with Abs specific for type 1 and another specific for type 2.
Immunocytochemistry (Fig. 6) showed that RyR1, RyR2, and RyR3 receptors are found in images of the terminals, but their distribution patterns are different. Only immunofluorescence that was brighter than 95% of the control (i.e., preimmune serum) brightness was counted [51% of corrected pixels for type 1 and 19% for type 2 remained after thresholding, implying that the data were significantly different from controls (5%)]. We consider type 1 RyRs first. Fluorescence caused by type 1 is bright close to the surface of the terminal as is apparent in both the uncorrected optical sections ( Fig. 6 A, left) and the same sections corrected for fluorescence caused by preimmune serum (Fig. 6 A,  right) . Because the fluorescence caused by the preimmune serum is brighter near the surface, the correction leads to a dimmer signal in this region. Nonetheless, the RyR1 immunofluorescence remains prominent near the surface in the corrected data. Neither type 2 nor type 3 follow this pattern. Type 2 is prominent in the interior but essentially absent from the area near the surface as indicated by the dark halo beneath the surface present in the uncorrected images. This halo becomes even more obvious after correction (Fig. 6 A) . Type 3 is not volume filling and found in a restricted area well inside the nerve terminals and also at times in Figure 5 . FPL does not increase VICaR. A, Average ⌬F/F 0 traces in absence of external calcium, when nerve terminals were depolarized from Ϫ80 to Ϫ40 mV (at the red arrow) for 1800 ms. The same paradigm, measurement, and conventions used in Figure 2 are used here. FPL (red trace) had no significant effect, whereas 500 nM nifedipine (blue trace) decreased the average ⌬F/F 0 trace. B, Correspondingly, the time derivative of ⌬F/F 0 was decreased by nifedipine but was not altered by FPL. C, Bar graphs represent the average ⌬F/F 0 over the last second of the traces (50 images) shown in A. FPL at 2 M did not significantly ( p ϭ 0.80) increase ⌬F/F 0 , whereas nifedipine significantly (*p Ͻ 0.05) decreased ⌬F/F 0 (n ϭ 33,48, and 21, for control, FPL, and nifedipine, respectively). a clump in one corner of the terminal (Fig. 6 B) and at times in a strand leading out of the terminal. (Possibly this strand is type 3 localized to an axonal remnant but additional investigation of this localization is needed.) From these images, type 1 appears to be the best candidate for VICaR.
To confirm these results, we did a second set of experiments in which immunofluorescence of N-type channels was used to provide a marker of the plasma membrane. Figure 7A shows the results of this set of experiments. From the typical corrected reconstructions in the top of A and the averaged plot derived from the bottom of A, the relationship of each ryanodine receptor type to the Ca 2ϩ channels and hence the plasma membrane is clear. It is apparent that type 1 RyRs are found as close to the cell surface as the N-type channels within the limits of our resolution. This is the sort of pattern to be expected if the RyR1 is coupled to a voltage sensor in the plasma membrane. We note that immunofluorescence caused by RyR1 and RyR2 and the N-type channel is found in the interior of the terminal. In immuno-EM studies on these terminals, N-type channels have been found on the densecore vesicles in the interior (Fisher et al., 2000) (also see Discussion). In contrast to type 1, type 2 RyR density is lower in the shells that are within a few hundred nanometers of the plasma membrane. Figure 7B shows that the peptide used to produce the anti-RyR1 is conserved between species (rabbit and mouse) but poorly conserved in types 2 and 3. The Western blot in the bottom of the Figure 7B demonstrate that the antibody recognizes an RyR only in skeletal muscle preparation [lane 2, muscle homogenate; lane 4, sarcoplasmic reticulum (SR) membranes] and not in cardiac preparation (lane 1, homogenate; lane 3, SR membranes), confirming its specificity for type 1 RyR.
Moreover, this conclusion is supported by recent work on chromaffin cells in which we found syntillas also mediated by RyRs and almost identical in their properties to the ones studied here. However, in chromaffin cells, there was no evidence for VICaR and there were no type 1 RyRs (ZhuGe et al., 2006) .
Discussion
How are DHPRs coupled to internal stores in nerve terminals? Three lines of evidence indicate that DHPRs are the sensors of membrane potential involved in VICaR. First, the steepness of the voltage dependence of Ca 2ϩ release at negative potentials is compatible with what is expected for a skeletal muscle DHPR (Klein et al., 1996) . Second, nifedipine, which immobilizes the gating charge movement in DHPRs, prevents VICaR, whereas the Ca 2ϩ channel pore blocker Cd 2ϩ is without effect. Third, the Ca 2ϩ channel agonist FPL, which does not act at the same site as the dihydropyridines and does not appear to act on the gating charge (McDonough et al., 2005) , does not alter VICaR. Hence, we can conclude that the DHPRs do not function in their role as voltage-sensitive L-type Ca 2ϩ channels to allow Ca 2ϩ entry and In each image, distribution of N-type Ca 2ϩ channels is shown in red; the outer extent of this distribution serves as an unambiguous marker for the plasma membrane. In the left image, green label marks type 1 RyRs, and, in the right image, blue label marks type 2 RyRs. Bottom, The graph provides the average distribution of immunofluorescence for type 1 (green; n ϭ 4) and type 2 (blue; n ϭ 3) RyRs and N-type Ca 2ϩ channels (red; n ϭ 7) in concentric shells from the surface. (The yellow arrows in the images above indicate the direction that the shells are layered with respect to the surface, i.e., normal to it.) The graphs have been corrected for nonspecific fluorescence in each shell using preimmune serum with the techniques outlined in Materials and Methods and Figure 1 . The RyR1s are located close to the surface. B, Top, Peptide sequence from which 4 anti-RyR1 was generated. The 15 amino acid sequence common to rabbit (R) and mouse (m) was used to generate the antisera for RyR1. For comparison, the homologous sequence for mouse RyR2 and mouse RyR3 are shown with common amino acids in red. Bottom, Immunoblot analysis of cardiac (card) and skeletal (ske) muscle crude homogenate (hom) and SR vesicle preparations using the RyR1 epitope-specific antisera (1:1000 dilution) after SDS-PAGE and protein electrophoretic transfer to polyvinylidene fluoride membrane. For both homogenate lanes, 50 g of protein was loaded, whereas for the SR lanes, 50 or 5 g of protein was loaded for cardiac and skeletal SR, respectively. The major, high-molecular-weight immunoreactive band detected only in the skeletal muscle homogenate and SR vesicle lanes by the RyR1-specific antisera corresponds in mobility to that of the purified skeletal muscle ryanodine receptor.
trigger release from stores via CICR. Moreover, entry of Na ions through Ca 2ϩ channels does not appear to be part of the mechanism because VICaR is observed (1) under conditions in which Ca 2ϩ concentration is normal but Ca 2ϩ channels are blocked by Cd 2ϩ , and (2) at subthreshold levels for Ca 2ϩ channel activation in either the absence or presence of extracellular Ca 2ϩ .
What is the mechanism of coupling between DHPRs and RyRs in the nerve terminals studied here? Several lines of evidence suggest that it is similar to the well documented interaction between DHPRs and type 1 RyRs underlying excitation-contraction in skeletal muscle. First, the molecular machinery for such coupling is present in these terminals. Patch-clamp studies revealed L-type Ca 2ϩ channels in the terminals (Lemos and Nowycky, 1989; Wang et al., 1997 Wang et al., , 1999 , and cDNA microarrays studies have shown (Mutsuga et al., 2004) that magnocellular neurons in rat express the same DHPR isoform (␣ 1S ) coupled to type 1 RyRs in skeletal muscle (Coronado et al., 2004) . In neurons, L-type calcium channels are almost always present but typically contribute only a minor fraction of the overall highthreshold current (Bean and Mintz, 1994; Wang et al., 1997) . Indeed the L-type channels that couple to the type 1 RyRs may be nonconductive or poorly conductive (Schwartz et al., 1985) and hence silent electrically unless one is recording gating currents (Shirokova et al., 1995) . Furthermore, as shown here, type 1 RyRs are found immunocytochemically adjacent to the plasma membrane in the terminals.
Although a direct coupling of this kind has heretofore been established with clarity only in skeletal muscle, a direct link between RyRs and DHPRs has been suggested in neurons to explain some of the axonal damage as a result of spinal cord injury (Ouardouz et al., 2003) . In that study, DHPRs and RyRs were coimmunoprecipitated, which supports the idea of a direct physical interaction between them (Anderson, 1998) , and such coimmunoprecipitation (co-IP) had been seen previously in a rat brain membrane preparation (Mouton et al., 2001) . In both co-IP studies, it was ␣ 1C that was precipitated with RyR1. However, co-IP experiments must be interpreted with care because false positives are possible (Fletcher et al., 2003) . Finally, RyRs have been observed to interact functionally with DHPRs in excised membrane patches of cerebellar granule cells (Chavis et al., 1996) .
Another possible mechanism for VICaR involves DHPRs to G-proteins as has been found in cultured skeletal myocytes (Araya et al., 2003) and smooth muscle cells (del Valle-Rodriguez et al., 2003) , but there is little quantitative data on the voltage sensitivity of these DHPRs, so that comparison with our findings is not possible. In the case of cultured skeletal myocytes, the onset of the increase in cytosolic [Ca 2ϩ ] induced by VICaR occurs tens of seconds after tetanic stimulation, which is much different from the time course in the nerve terminals ( Figs. 1 D, 2B, 4A, B) (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material). However, in the case of smooth muscle cells, the time course is faster than the skeletal myocytes, but there is not sufficient data on these cells to compare with the time course in the nerve terminals (del Valle-Rodriguez et al., 2003) . Finally, it may be the case that DHPRs have as yet undiscovered properties that are voltage activated, analogous to the recent discovery of phosphatide phosphatase activity coupled to an intrinsic voltage sensor (Murata et al., 2005) . Whatever the precise mode of coupling, it seems clear that DHPRs are the voltage sensors for VICaR in the nerve terminals studied here.
How general is VICaR in the nervous system? Is VICaR confined simply to the terminals studied here or is it found elsewhere? Quite often, the possibility of VICaR is not considered for neurons and a CICR mechanism is simply assumed, so there has been little exploration for VICaR. Moreover, there appears to be considerable difficulty working in Ca 2ϩ -free solutions in some CNS tissue (Ransom and Brown, 2003) . However, type 1 RyRs are found in many CNS neurons (Zupanc et al., 1992; Giannini et al., 1995; Tarroni et al., 1997; Bouchard et al., 2003) , as are ␣ 1S DHPRs (Takahashi et al., 2003; Mutsuga et al., 2004) . So there is reason to suspect that VICaR is to be found in many neuronal types. It would seem that CICR should no longer simply be assumed as the mechanism when ryanodine-sensitive Ca 2ϩ release is encountered in neurons.
Comparison with chromaffin cells
We reported recently that Ca 2ϩ syntillas are to be found in another excitatory secretory cell, freshly dissociated mouse chromaffin cells (ZhuGe et al., 2006) . Qualitatively, quantitatively, and in their pharmacology, these syntillas resemble those found in the neuron terminals studied here. However, these syntillas were different in one important respect: their frequency was not affected by depolarization in the absence of Ca 2ϩ influx, nor was there any increase in global [Ca 2ϩ ] in response to depolarization. That is, VICaR was absent. Both by reverse transcription-PCR and by immunocytochemistry, type 1 RyRs were absent, whereas type 2 RyRs and type 3 RyRs were present, type 2 in abundance.
Moreover, it appears that the skeletal muscle DHPR isoform (␣ 1S ) is not present in chromaffin cells (Baldelli et al., 2004) . Thus, it is tempting to postulate that the presence of type 1 RyRs and/or the skeletal muscle DHPR isoform (␣ 1S ) is a necessary condition for VICaR. It is also noteworthy that there is no staining for RyR2 deep within the chromaffin cells, as we and others (Fisher et al., 2000) have seen in the nerve terminals. It may be that, in the terminals, which are far from the cell body, the densecore vesicles serve as stores for RyR2s and other proteins.
We may suggest an analogy between hypothalamic nerve terminals and skeletal muscle on the one hand and chromaffin cells and cardiac fibers on the other. In cardiac myocytes and chromaffin cells, RyR1 is missing and RyR2 is the dominant RyR isoform. In these cell types, RyR2s are activated by Ca 2ϩ entry from nearby voltage-gated channels via CICR. In contrast, in skeletal muscle and hypothalamic nerve terminals, RyR1s are found, as is VICaR; here alterations in membrane potential are sufficient to release Ca 2ϩ from internal stores. In all of these cell types, miniature Ca 2ϩ transients are found, sparks in all types of muscle and Ca 2ϩ syntillas in neurons and chromaffin cells, all of which are governed by VICaR or CICR depending on the cell type.
What is the function of VICaR in neurons?
Clearly this mechanism is potentially a new and intriguing way to couple neuronal activity to an increase in cytosolic Ca 2ϩ in nerve terminals. This may allow for a release of Ca 2ϩ into a microdomain that is different from the exocytotic microdomain in which it may have different, even diametrically opposed effects. An example of such a differential effect is found in smooth muscle, in which Ca 2ϩ sparks activate BK channels, causing relaxation, whereas global increases in [Ca 2ϩ ] cause contraction (Nelson et al., 1995; ZhuGe et al., 2006) .
It is unclear as yet whether a single Ca 2ϩ syntilla can cause an exocytotic event in nerve terminals. The evidence is in conflict at this point. There is evidence that "maximinis" at the basket cell-Purkinje cell synapse in the cerebellum are caused by presynaptic, focal Ca 2ϩ (Llano et al., 2000) . There is also evidence that nicotine may cause Ca 2ϩ release from ryanodine-sensitive stores in mossy fiber terminals, possibly by enhancing store filling, which results in increased mini-frequency and increased quantal size (Sharma and Vijayaraghavan, 2003) . Although these intriguing studies are convincing, they monitor exocytosis only postsynaptically and therefore indirectly. In contrast, in mouse chromaffin cells (ZhuGe et al., 2006) , a single syntilla did not trigger a spontaneous exocytotic event at resting potential as detected amperometrically (Haller et al., 1998) , nor did blocking virtually all syntillas cause a change in frequency of spontaneous exocytotic events. At least in some excitable exocytotic cells, it would seem that syntillas do not trigger exocytosis, presumably because they do not occur in the appropriate Ca 2ϩ microdomain. It remains to be determined whether this is true in neurohypophyseal terminals.
